The Shwachman-Diamond syndrome (SDS) is characterized by exocrine pancreatic insufficiency, neutrophil defect, and skeletal abnormalities. The molecular basis for this syndrome was recently identified as a defect in a novel nucleolar protein termed the Shwachman-Bodian-Diamond syndrome (SBDS) protein. Beyond human pathologic descriptions, there are little data addressing the role of SBDS during pancreas and granulocytes development. We hypothesize that sbds gene function is essential for pancreas and myeloid development in the zebrafish. By homology searching, we identified the zebrafish sbds ortholog and then analyzed its expression by reverse transcriptase-polymerase chain reaction and in situ hybridization. We found that the sbds gene is expressed dynamically during development. To study the function of sbds during development, we induced loss of gene function by morpholino-mediated gene knockdown. The knockdown induced a morphogenetic defect in the pancreas, altering the spatial relationship between exocrine and endocrine components. We also noted granulopoiesis defect using myeloperoxidase as a marker. We conclude that sbds function is essential for normal pancreas and myeloid development in zebrafish. These data provide novel insight into the role of the sbds gene and support using zebrafish as a model system to study sbds gene function and for evaluation of novel therapies. (Pediatr Res 63: 348-352, 2008) 
S
hwachman-Diamond syndrome (SDS) is a rare, multisystem disorder characterized by exocrine pancreatic insufficiency, hematological dysfunction with a high risk for developing acute myeloid leukemia, and skeletal abnormalities (1) (2) (3) (4) (5) . Additional features that have been reported in some patients includes hepatomegaly with abnormal liver function tests, renal calculi, myocardial fibrosis, behavioral and learning difficulties (6 -15) . Aside from cystic fibrosis, SDS is the most common cause of inherited exocrine pancreatic insufficiency in children. It is the third most common cause of inherited bone marrow failure. Shwachman syndrome is inherited in an autosomal recessive manner with an incidence of 1 in 76,000 (16) . By positional cloning, the ShwachmanBodian-Diamond syndrome (SBDS) gene was recently identified in the long arm of chromosome 7 near the centromere (17) (18) (19) . The SBDS gene contains five exons spanning a length of 7.9 kb. SBDS locus contains an adjacent pseudogene (SBDSP) that is nonfunctional, but with 97% nucleotide sequence identity. However, the pseudogene contains deletions and nucleotide changes that are predicted to result in protein truncation. In the majority of patients with SDS, it appears that SBDS and SBDSP recombined resulting in unidirectional gene conversion from the pseudogene to SBDS (17) . This gene conversion change is predicted to disrupt the donor splice site of intron 2 and the 8-bp deletion resulting in premature truncation of the encoded protein.
The SBDS gene is predicted to encode a novel 250-amino acid protein. This protein is highly conserved throughout evolution, and orthologs exist in species from plants, yeast, to vertebrate animals (20) . Several lines of evidence postulate the role of SBDS protein in RNA metabolism (17, 21) , including the intranucleolar localization of SBDS protein in human cells (22) , but its specific biochemical function remains unknown.
Beyond human pathologic descriptions, there are few data addressing the role of SBDS gene during development of the pancreas or the granulocytes. Impaired pancreatic function in SDS patients has been attributed to abnormal acinar cell development (23) . The severity of pancreatic dysfunction is not concordant with blood or bone abnormalities (3). Approximately 50% of SDS patients shows some improvement in pancreatic function with increasing age (23) . Imaging and autopsy studies showed the fatty replacement of pancreatic exocrine tissue with preserved ducts and islet architecture (24, 25) . A recent study found that Sbds is an essential gene in mouse. Mice heterozygous for the gene deletion were overtly normal, whereas Sbds homozygous mutant embryos underwent developmental arrest before implantation. This emphasizes the need to develop an animal model to detect the organ development in a tractable vertebrate (26) .
The recent identification of SBDS gene mutation allows us to explore the developmental processes that give rise to the clinical features of this syndrome. We hypothesize that SBDS gene function is essential for the normal pancreas and myeloid development. To test this hypothesis, we used zebrafish as the animal model to study sbds gene function particularly with regard to pancreas and myeloid development. The zebrafish, Danio rerio, offers several distinct advantages as a genetic model system including the high fecundity, external fertiliza-tion, short generation time (3-4 mo), easy maintenance, rapid development time, and translucent embryos. Moreover, many zebrafish genes are conserved in human. In this study, we determined the localization of sbds gene expression in the zebrafish and evaluated the effect of gene perturbation on the pancreas and granulocytes. All procedures concerning zebrafish were done in accordance with the protocol that was approved by the Medical College of Wisconsin and Institutional Animal Care and Use Committee.
MATERIALS AND METHODS
Zebrafish embryos. Wild-type (TUAB strain) zebrafish embryos were obtained from natural spawning of wild-type adults. Embryos were raised, maintained, and staged at 28.5°C according to hours post fertilization (hpf) and morphologic criteria (27) .
Morpholino-mediated knockdowns. We generated morpholino modified antisense oligonucleotides against the sbds gene translation start site, and splice donor sites of exon-intron 1 and 2 (ATG, EI-1, and EI-2, respectively). The splicing interference was detected by reverse transcriptase-polymerase chain reaction (RT-PCR) across the targeted exon. Sequences for the morpholinos and RT-PCR primers are given in Table 1 . Morpholinos, at 100 M, were micro-injected into one-cell stage embryos. Approximately 50 embryos were injected at each sitting, and the observed defect was noted in approximately 70% of the knockdown embryos. All the morpholinos greatly reduced sbds gene expression and produced similar results without nonspecific side effects. Embryos were collected at different hours post fertilization (24, 48, 72, 96 , and 120 hpf), dechorionated, fixed in 4% paraformaldehyde (PFA) in PBS for 2 h at room temperature, washed twice in PBS with 0.1% (vol/vol) Tween 20 (PBT), and stored in methanol at Ϫ20°C for whole mount in situ hybridization (ISH).
RT-PCR. Total RNA was extracted from zebrafish embryos using Trizol (Invitrogen). Reverse transcription was performed using synthetic DNA oligo (Poly dT primer). PCR reactions used Taq polymerase from Qiagen, and contained 5% of the reverse transcription.
RNA in situ hybridization. Probe synthesis and whole-mount RNA in situ hybridization were carried out as described (28) . Antisense probes were generated by in vitro transcription using DNA fragments derived from RT-PCR with the T7 start site incorporated into the 5Ј tail of the reverse primer (Table 2) .
Histologic analysis. Embryos were fixed in 4% PFA in PBS for 2 h at room temperature or overnight at 4°C. Embryos were then washed in PBS, serially dehydrated in ethanol and then embedded in glycol methacrylate, JB4 (polysciences). Four-micrometer thick sections were stained with hematoxylin and eosin, analyzed using a Zeiss Axioplan microscope, and captured using a Q-imaging digital camera and openLab 4.02 (Improvision).
RESULTS

Sequence and alignment of the zebrafish Sbds ortholog.
We performed a sequence search (tblasn) of the zebrafish genome assembly using the human SBDS protein identified on chromosome 7. We found a gene that is predicted to encode a protein 90% identical to the human orthologs. We found no evidence of a pseudo-gene adjacent to the zebrafish sbds locus. In addition, alignment of the zebrafish and human genomic sequences revealed the same exon-intron boundaries (Fig. 1) .
The sbds gene is highly expressed in zebrafish. We analyzed the sbds gene expression during zebrafish development at stages 24 -120 hpf by RT-PCR and found the gene is expressed throughout these stages as shown in the gel electrophoresis ( Fig. 2A) .
sbds gene localization. As an initial step to examine the role of sbds during development, we determined its expression pattern by whole mount in situ hybridization. At 48 hpf, we noticed that the gene is expressed preferentially in the branchial arches and digestive tract, including the liver, pancreas, and gut (Fig. 2B) . We compared this staining pattern to GACCCGCGTTCATAAAGAGA  T7-807rev  TAATACGACTCACTATAGGGCCCTTCCTC  CACATCTTTGA  382f  CTGGAGCAGATGTTTCGTGA  T7-1152rev  TAATACGACTCACTATAGGGACAAACCC  TGCTGAAAATGG  myeloperoxidase zmpx-1797f AGGGCGTGACCATGCTATAC T7-zmpx-2738-r TAATACGACTCACTATAGGGAGCACTTC GAGAAACCTCCA markers known to be expressed in the epithelium of these organs, namely foxA3 (endoderm) and pdx (pancreatic bud) (28) (Fig. 2C ). We noted an overall similar anatomic pattern of expression between sbds and these genes, but with a notable difference. The expression pattern of sbds was broader and more diffuse than the epithelial markers. To characterize this further, we performed histologic sectioning of the sbds-stained embryos. We found that sbds expression is most prominent in the cells intervening between the organ parenchyma and the yolk (Fig. 2F-H ). This location corresponds to the visceral mesenchyme. As development proceeds, sbds expression persists in and around the pancreas, liver, and gut (Fig. 2D ). Then at 120 hpf, the pancreatic expression persists, whereas the liver expression decreases below detection, and the gut expression decreases substantially, as well (Fig. 2E) . Effect of sbds gene knockdown. To determine the role of the sbds gene perturbation on development, we performed gene knockdown using both translation blocking and splice blocking morpholinos (ATG, EI-1, and EI-2 respectively). We expected to see normally spliced transcript in wild type embryos and possibly an aberrant transcript in the EI-1 and EI-2 injected embryos due to the presence of introns. We obtained proof by RT-PCR showing the expected band in the control compared with numerous higher molecular weight species in the knockdown, likely due to the presence of introns (Fig. 3A) . We sequenced the high molecular weight PCR product amplified from the EI-2 morpholino injected fish and proved that this is in fact the altered "splice" product. Conceptual translation of this product revealed an in-frame stop codon at position 88 (of 250 in the full-length product). This indicated that the aberrant transcript encodes a truncated protein. This suggests that we are effectively interfering with sbds gene expression. Inspection of live knockdown embryos up to 7 d after fertilization using a stereomicroscope showed no detectable developmental anomalies (Fig. 3B ) and these embryos survive to juvenile stages. A likely explanation for this is the transience of morpholino gene knockdown, whereby wildtype gene product is expressed again at about 96 -120 hpf.
Effect of sbds knockdown on pancreas development. We performed ISH using the trypsin probe to stain the exocrine pancreas in 72 hpf larvae. Figure 4A ,B shows the exocrine pancreas morphology in wild type and sbds morphant embryos. In the control group, we found that the exocrine pancreas completely surrounds the islets, consistent with previous reports (29) . However, in the morphant group, we noticed that the exocrine tissue fails to completely surround the islets, leaving what appears to be a medial defect in the exocrine pancreas. We sectioned the embryos and showed that the exocrine tissue completely surrounds the islets in the control compared with a medial defect in the knockdown model (Fig. 4C,D) . Interestingly, H&E sectioning of the wild type and knockdown embryos did not show any difference in acinar cell morphology and zymogen granule number or distribution (Fig. 4E,F) . In addition, there was no discernible difference in the endocrine pancreas morphology based on staining for insulin between the wild type and morpholino embryos (Fig. 4G,H) .
Role of sbds in neutrophil development. To characterize the neutrophil development, we performed ISH using the myeloperoxidase (mpo) probe. Figure 5 shows the 48 hpf embryos in the lateral and ventral views. It has been shown that the neutrophil development starts in the posterior intermediate cell mass at 18 hpf and spreads anteriorly along the yolk sac (30) . When we knock down the sbds gene, we noticed that the distribution is substantially different in the knockdown compared with wild type embryos. In the control, numerous mpo-positive cells are found across the surface of the yolk. In the sbds knockdown, there were virtually no mpo-positive cells detected on the yolk surface, although there was comparable staining for mpo in the location of the intermediate cell mass. Thus, it appears that the migration of granulocytes across the yolk surface may be impaired in the sbds knockdown model.
DISCUSSION
This study was done to evaluate the pancreatic and myeloid development in a zebrafish model for the ShwachmanDiamond Syndrome. We identified and characterized the sbds gene in zebrafish. We observed that the sbds gene is expressed in zebrafish at different stages of development, from embryonic to larval. Whole-mount gene expression analysis revealed a dynamic pattern, in which sbds is expressed in and around the digestive organs. Histologic sectioning revealed sbds gene expression in the mesenchyme surrounding the digestive organs, with relatively less epithelial staining. When the sbds gene is knocked down with either start or splice morpholinos at the one-cell embryo stage, we observed an alteration in the spatial relationship between exocrine and endocrine pancreas such that the medial part of exocrine pancreas is absent. We also documented abnormal granulocytes distribution in the knockdown zebrafish model compared with the wild type embryos suggesting altered migration during development.
Individuals with Shwachman-Diamond syndrome have exocrine pancreatic insufficiency. This has been attributed to abnormal acinar development, and imaging and autopsy finding showed extensive fatty replacement of pancreatic acinar tissue with normal ductal and islet architecture. In contrast to the findings in humans, we noted normal acinar cell development, but rather a defect in the overall morphogenesis of the exocrine pancreas. This phenotype, taken together with the expression of sbds predominantly in the mesenchyme, suggests perhaps a loss of epithelial-mesenchymal interactions known to be necessary for proper exocrine development (31, 32) . Because there is no data on early pancreatic defects in humans with SDS, we can only speculate that an early defect in pancreatic morphogenesis could account for the pancreatic insufficiency seen in SDS patients. Fatty replacement of acinar tissue would then be a secondary consequence of an earlier defect. In addition, the morpholino knockdown is only transient; thus, our model describes only the early pancreatic acinar development. Because gene expression returns at 96 hpf, we cannot truly assess the long-term effect of loss of SBDS gene function in this model. Approaches that effect a more enduring loss of gene function at different stages of larval development may explain the long-term exocrine phenotype defect seen in patients with SD syndrome.
We also observed abnormal granulocytes distribution in the knockdown model, which is consistent with the abnormal chemotaxis defect seen in patients with Shwachman-diamond syndrome (33) . To our knowledge, this is the first knockdown animal model (zebrafish) to show the pancreas and granulocytes developmental defect in Shwachman-Diamond syndrome. Previous attempts to delete or knockout Sbds gene resulted in lethality in S. cerevisiae and mouse, suggesting that this gene is essential for survival. Because knockdown in the zebrafish results in transient and partial loss of gene activity, this may explain why overall development proceeds without major flaws, enabling us to detect the developmental defect in the pancreas and granulocytes migration.
Previous studies in zebrafish have shown that the exocrine pancreas develops from the fusion of the ventral and dorsal buds at 72 hpf (29) . Cell migration may thus play a role in exocrine pancreas morphogenesis. Likewise, migration is required for neutrophil function. Thus, we would speculate that the functional defects we see might be due to defective migration. An approach to test this hypothesis would be to use tissue-specific transgenic GFP (green fluorescent protein) fish to visualize the dynamic fusion of the dorsal and ventral pancreas defect in the knockdown model and to visualize neutrophil migration. Thus, the zebrafish model can be used to investigate which, and how, different organs are affected in Shwachman syndrome, making for a promising model system for future research and to develop novel therapies in this condition.
